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Static Freezing Transition at a Finite Temperature in a Quasi-One-Dimensional Deuteron Glass
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The dipolar freezing process of a quasi-one-dimensional betaine deuteron glass was studied using
linear and nonlinear dielectric spectroscopy. The linear response as measured for frequencies5 mHz ,

n , 200 MHz was analyzed using the recently inventedd plot, providing evidence for a static freezing
transition near 30 K. Measurements of the ergodic to nonergodic transition as well as of the incipient
divergence of the nonlinear susceptibility yield independent confirmation of this quasistatic freezing
transition temperature. The critical exponent describing the nonlinear behavior is found to beg ­ 1,
compatible with mean-field predictions.

PACS numbers: 64.70.Pf, 77.27.–d
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In glass-forming matter it is still an open questio
whether there exists a static freezing transition into t
glassy state at a finite temperature. This is not on
true for the case of supercooled liquids [1] but also f
model systems like spin glasses [2] and orientation
glasses [3] (OG). In the latter cases one can ta
advantage of the fact that an order parameter can
defined theoretically [4] and determined experimenta
using various techniques [5]. The linear response of, a
the relaxation dynamics in, OG do not usually show a
unambiguous signature of the transition from the ergod
to the nonergodic state. At this transition also the ord
parameter is typically smeared out because of rand
field effects, and therefore models are required in ord
to allow statements about static freezing temperaturesTf

[4,6]. For a model independent determination ofTf more
sophisticated experimental approaches are required.
suggested by the theory of spin glasses [2], these inclu
measurements of the response of the orientational deg
of freedom not only to small but also to large extern
fields [7–9].

In this Letter we report on linear and nonlinear diele
tric susceptibility measurements carried out on the b
taine deuteron glass D-BP:BPI (40:60) which is a so
solution of the antiferroelectric betaine phosphate (B
and the ferroelectric betaine phosphite (BPI) [3]. Pr
tonated betaine proton glasses have been studied pr
ously, mostly using dielectric permittivity measuremen
[10,11]. Analogous to the situation in KDP-type OG
[12], at intermediate concentrations the frustrated intera
tions between the protons (or deuterons) located in h
drogen bonds connecting the phosphate or phosph
tetrahedra lead to a dipolar glass state devoid of lo
range orientational order. What makes the betaine s
tems particularly interesting is the fact that here the h
drogen bonds form linear chains along the monoclinicb
axis while in the KDP-type OG a three-dimensional h
drogen network exists, and it is noted that the reduc
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effective dimensionality of the dipolar coupling has stim
lated considerable theoretical efforts [13,14].

Betaine single crystals of optical quality were grown b
slow evaporation from deuterated aqueous solutions. T
BP:BPI ratio of 40:60 refers to the nominal compositio
For the dielectric measurements, single crystals were
perpendicular to the monoclinicb axis to dimensions of
typically 10 3 10 3 1 mm3. The large faces of the crys
tal slabs were covered with CryAu electrodes. The un-
certainty in the geometrical capacitances is estimated
be 10%. For the dielectric measurements below 1 kH
modified Sawyer-Tower circuit was used which allowe
not only to apply small ac signals but, additionally, als
large dc fields, thus enabling the measurement of
nonlinear susceptibilityxNL [15]. For measurements o
the complex dielectric constant́ ­ 1 1 x ­ ´0 2 i´00

in the frequency range20 Hz , n , 200 MHz, commer-
cial equipment was used (models 4284A and 4192A fro
Hewlett-Packard).

In Fig. 1 we show the real and imaginary parts
the dielectric constant as measured in a wide freque
range for a number of temperatures. The smeared s
in ´0 and the broad loss peaks iń00 signal the slowing
down of the dipolar degrees of freedom, i.e., the hopp
motion of the acid deuterons in the double well potentia
set up by the hydrogen bonds, on the time scale of
experiments. It is clear that the characteristic relaxat
ratesnp read off from the maximum of the loss peak
show an enormous variation with temperature and that
loss peaks broaden dramatically upon cooling.

The solid lines in Fig. 1 have been calculated usi
the phenomenological Havriliak-Negami equation whi
incorporates a width parametera and an asymmetry
parameterb [16]. Using this ansatz, a single relaxatio
time process is described bya ­ 1 and b ­ 1. With
decreasing temperature the width parameter decre
linearly, with a ­ 0.0112T indicating a diverging width
for T ! 0. The asymmetry parameterb is 0.5 6 0.1
© 1996 The American Physical Society



VOLUME 76, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 MARCH 1996

I

3,

k

ve
e
a
o
e
o

b
se
h
h

P

].
n
a

th

-
i-
a

f
ut
a
le

s
t.

or

.

en

es

f

s
t

e

is
x-

In
FIG. 1. Frequency dependence of´0 (upper frame) and́ 00

(lower frame) of the complex dielectric constant of D-BP:BP
(40:60) as measured for frequencies5 mHz , n , 200 MHz
and for the following temperatures: 18, 23, 28, 38, 5
and 83 K. Note that́ 00 is given in a double logarithmic
representation. The lines are calculated using the Havrilia
Negami equation with a width parametera and asymmetry
parameterb as given in the inset.

and exhibits a minor temperature variation only. We ha
shown recently for the case of protonated betaine mix
crystals that random fields produced by substitution
disorder are responsible for the increase in the width
the relaxation peaks [11]. This effect could be describ
by a temperature independent Gaussian distribution
energy barriers. This symmetric broadening has to
convoluted with the asymmetry of the primary respon
which in structural glass formers is characterized by t
time derivative of the Laplace transform of a Kohlrausc
function [11].

Without going into further details here we would like
to draw attention to the fact that for protonated BP:B
crystals the loss peak frequencynp exhibited purely
thermally activated behavior for all compositions [10,11
This is in contrast to the findings in KDP-type proto
glasses [8,12] and at first glance could be taken
indicating a less cooperative freezing dynamics due to
reduced dimensionality in the mixed betaines.

The peak maxima of the dielectric loss in D
BP:BPI (40:60) are shown in Fig. 2(a) as solid tr
angles and are seen to also obey an Arrhenius l
np ­ n0 exps2EykBT d with an attempt frequency
n0 ­ 5 THz and an activation barrier ofEykB ­ 809 K.
Recently, Kutnjaket al. [17] have suggested obtaining
more detailed information about the distribution o
relaxation times by analyzing not the imaginary b
rather the real part of the dielectric permittivity in
clever way. To this end they introduced a variab
-
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FIG. 2. (a) Arrhenius representation (d plot) of data ob-
tained from the reduced dielectric constantdsnd ­ f´0snd 2
´`gyf´s 2 ´`g in D-BP:BPI (40:60) according to the proce-
dure suggested by Kutnjaket al. [17] (open circles) and from
the loss peak frequencies (solid triangles). The solid line
are fits using the Vogel-Fulcher expression given in the tex
(b) Inverse Vogel temperatures1yT0 as obtained ford . 0.7.
The solid line suggests a Vogel temperature of about 30 K f
d ! 1. The inset shows the incipient divergence of1yT0 for
decreasingd. Lines in the lower panel are drawn to guide the
eyes.

dsnd ­ f´0snd 2 ´`gyf´s 2 ´`g with ´s and ´` denot-
ing static and high-frequency permittivity, respectively
By determining the value of the frequencynd for a
given d and for all accessible temperatures, one can th
construct an Arrhenius plot, the so-calledd plot shown
for D-BP:BPI (40:60) in Fig. 2(a) [18]. It is seen that
the smearing of the steps iń0 or the associated loss peak
width as determined from the difference between the lin
with d ­ 0.28 and 0.74, say, increases roughly as1yT .
This is characteristic for the existence of a distribution o
energy barriers. Ford ­ 0.5 the characteristic frequen-
cies nd are almost identical tonp, as can be expected
for a nearly symmetrical distribution of relaxation times
(cf. Fig. 1). Other notable cases ared ! 0 and d ! 1
which correspond to the high- and low-frequency end
of the spectrum of relaxation times, respectively. Mos
interesting is of course the limitd ­ 1 which reveals
the temperature evolution of the slowest element in th
spectrum.

From Fig. 2(a) it is evident that ford . 0.7 the curves
develop considerable curvature. The solid lines in th
figure have been calculated using the Vogel-Fulcher e
pressionnd ­ n0 expf2BysT 2 T0dg with a d-dependent
Vogel temperatureT0. Its value in the limit d ­ 1
corresponds to the static freezing temperature [17].
Fig. 2(b) we show1yT0 as a function ofd for 0.6 , d ,
2331
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0.96: 1yT0 is an almost linear function ofd for large val-
uessd . 0.75d and tends to diverge for decreasingd [see
inset of Fig. 2(b)]. It is clearly seen that ford ! 1 the
Vogel temperature extrapolates to about 30 K. It has to
noted, however, that no theoretical predictions are av
able on how this extrapolation should be carried out, a
hence it can be stated with certainty from the data p
sented in Fig. 2 only thatTf is higher than 20 K.

In order to determine the freezing temperature mo
precisely we have carried out temperature cycles un
bias-field and zero-field conditions. This procedure c
yield valuable information on the nature of the OG sta
since one typical signature of the nonergodic regime
that material properties depend on the conditions un
which they were entered [8,9]. In our study we ha
used relatively small fields in order to obtain the ne
equilibrium freezing temperature, since it is known thatTf

depends slightly on the externally applied field [19]. W
have also employed relatively low temperature ramp
rates of about 1–2 Kymin and find no significant rate
dependence, although for larger rate variations suc
dependence may become observable [20]. Figure 3 sh
the polarization as measured under field heating (F
field cooling (FC), and zero-field heating (ZFH) condition
subsequent to an initial zero-field cooldown (ZFC). It
clearly seen that the FH and FC runs yield compati
results for T . 30 K only, but below this temperature
significantly smaller polarizations are obtained by F
indicating a breakdown of ergodicity. Upon the final ZF
the remnant polarization is seen to vanish forT . 30 K,
confirming the restoration of ergodicity at this temperatu
thus confirming the result obtained above by analyzing
dynamical response.

It was recognized a long time ago that in spin glass
the nonlinear susceptibilityxSG plays the same role as th

FIG. 3. Polarization in D-BP:BPI (40:60) as measured und
zero-field and nonzero-field conditions while ramping t
temperature at a constant rate of 1 Kymin in the sequence
ZFC-FH-FC-ZFH as indicated by the arrows. The ergodic
nonergodic transition takes place at the point where FH and
polarizations split, i.e., at 30 K. Also, at the same temperatu
the remnant polarization thaws upon heating.
2332
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linear susceptibility in ferromagnets, i.e., it should diverg
at Tf (Ref. [2]). xSG is directly related to the nonlinea
susceptibilityxNL ­ sxSG 2 2y3dyT3 obtained by mea-
suring the ac response of the material in the presence
strong dc field. We have measuredxNL at a frequency
of 90 Hz with a bias field of 1 kVymm. As shown in
Fig. 4, this quantity shows a temperature depende
which is much more pronounced than that of the line
susceptibility measured at the same frequency. We h
analyzed the temperature dependence ofxNL in the
temperature range where no dispersion occurs (
Fig. 4) in order to maintain quasistatic conditions. Th
data can be well described using the scaling ans
xNL ­ x

4
1 ysT 2 Tfdg . Using the mean field prediction

for the exponentg ­ 1 we find thatTf ­ 28 K, i.e., xNL
diverges on approaching the Almeida-Thouless line [2
Or, likewise, by fixingTf to 30 K, the value yielded by
the other experiments described in this Letter, we obt
g ­ 1.04 6 0.10. This exponent meets the theoretic
predictions of a random bond–random field model d
veloped for orientational glasses [21]. Experimental
a value of 1.7 has been determined for the dipolar gl
KTaO3:Na [7], while g’s ranging from 0.95 to 1.7
have been observed in the quadrupolar glass KBr:KC
[9]. It may well be that in these experiments the e
ponents are affected by the appearance of (unnotic
relaxation processes in the higher order susceptib
ties which has been carefully avoided in the prese
investigation. We point out the fact that while th
freezing transition in the betaine dipolar glass seems to
describable using mean-field theory, this is in contrast
the situation in at least one other dipole glass [22].

FIG. 4.. Temperature dependence of the nonlinear suscept
ity in D-BP:BPI (40:60) plotted asxNLyx

4
1 . The local suscep-

tibility xNL was measured in a bias field of 1 kVymm, using
a small amplitude ac signal of 90 Hz. For comparison, re
and imaginary parts of the linear susceptibility´ ­ ´` 1 x1

are also shown. The solid line is calculated usingxNLyx
4
1 ­

sT 2 Tf d2g with g ­ 1 andTf ­ 28 K.
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Finally, we note that we have started to measure
second harmonic susceptibilityx2 generated by the ap
plication of a large external ac field. Surprisingly, w
find x2 fi 0 (not shown), indicating the presence of in
version symmetry breaking local fields. Such effects ha
recently been predicted by Monte Carlo simulations to o
cur in 3-state Potts models with nearest neighbor inter
tions [23]. Further theoretical studies of this question a
warranted since it is not clear how the case of the qua
one-dimensional deuteron glass can be mapped onto
3-state Potts model. Our experimental results forx2 are
again compatible with an extrapolated divergence ofx2 at
about 30 K, but due to the relative smallness of this qu
tity, the quality of the data is not sufficient to permit mo
quantitative statements at present.

Taken together, the evidence presented here sugg
that in D-BP:BPI (40:60) the static freezing transition c
be viewed as a dynamic phase transition. Correspond
theoretical scenarios have been worked out in detail
Bengtzelius, Götze, and Sjölander [24] and have be
adapted by Bostoen and Michel for quadrupolar glass
such as KBr:KCN [25]. It would be highly desirable t
develop similar concepts also for the case of (effectiv
low-dimensional) dipolar glasses.

To summarize, we have carried out measurements
a quasi-one-dimensional dipole glass in small and la
external electrical fields. The techniques used inclu
broad-band dielectric spectroscopy and quasistatic
larization experiments, as well as the investigation
the nonlinear electrical susceptibility. These three ind
pendent experimental approaches when evaluated in
quasistatic limit yield a unique freezing temperature
Tf ­ 30 6 2 K in D-BP:BPI (40:60). Furthermore, the
measurement ofxNL provides evidence for the applica
bility of mean-field theory to the freezing process in
quasi-one-dimensional dipole glass.

We are indebted to A. Maiazza for growing the hig
quality single crystals used in this work. This project w
supported by DFG under Grant No. SFB 262-D5.
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